ABSTRACT The oversupply of dietary phosphorus (P) leads to increased feed costs and discharge of excessive P to the environment, thus directly impacting the sustainability of egg production practices. The present study was conducted to better define the minimal available P needs of laying hens. Fifty-six Lohmann white laying hens were individually caged and fed one of 7 diets with graded levels of available P (0.15, 0.20, 0.25, 0.30, 0.35, 0.40, or 0.45%) for 12 weeks. Records were maintained for body weight, feed intake, and egg production during the experimental period. Blood and egg samples were collected and digestibility studies conducted at wk 6 and 12 of the experiment. At the end of the experiment, tibia characteristics and expression of the P transporters in the small intestine and kidney were determined. Lowering dietary available P from 0.45 to 0.15% generally reduced plasma P concentrations (P < 0.01), but hen productive performance, plasma calcium, parathyroid hormone and other constituents, tibia bone mineral density and content, tibia ash percentage, and mRNA abundance of the small intestine, and kidney type II sodium/phosphate cotransporter were not different among treatments. Specific gravity and eggshell thickness tended to increase with reducing dietary P (P < 0.05). Total P intake, excretion, and retention net amount decreased (P < 0.01) with reducing dietary P, but its retention rate (of intake) remained unchanged. Furthermore, changing dietary P did not affect calcium retention rate and net deposition of total P and calcium in eggs. These data indicate that reducing dietary available P up to 0.15% is adequate to maintain health and performance of layers. As such, this minimal available P estimate should serve as a benchmark for the assessment of P contents of commercial laying hen rations, with the goal of enhancing the sustainability of egg production.
INTRODUCTION
Phosphorus (P) is an essential nutrient for animals and contributes to numerous functions related to metabolic and structural maintenance. In plant-derived poultry feed ingredients, approximately 70 to 80% of the P is stored in the form of inositol hexakisphosphate, otherwise known as phytate. This phyate-bound P is poorly utilized by monogastric animals, such as poultry and pigs, due to the lack of hydrolytic or phytase activity within their digestive systems. As a result, 2 approaches have been utilized to meet the available P needs of monogastric animals, including laying hens. First, diets are supplemented with highly available forms of inorganic P (nonphytate P or available P), including monocalcium phosphate. Second, exogenous phytase has been utilized to achieve optimal animal C 2018 Poultry Science Association Inc. Received May 15, 2017. 1 Corresponding author: James.House@umanitoba.ca growth and production (Keshavarz, 1998a,b; Humer et al., 2015) . Several studies have shown increased P digestibility and utilization and, hence, reduced P excretion into the environment as a result of phytase addition to poultry diets (Keshavarz and Austic, 2004; Penn et al., 2004; Angel et al., 2006) . However, the efficiency of phytase remains an issue, as does the determination of the extent to which exogenous phytases are affected by various physical, chemical, and biological factors (Slominski, 2011) .
Key elements impacting the supply of P to laying hens include the extent to which dietary P levels are in excess of requirements (NRC, 1994) , in part to compensate for variable data on available P content of feed ingredients. Owing to safety margins for available P content, the current laying hen industry feeds typically contain 0.45% available P, nearly 2 times the NRC requirement (Keshavarz, 2000a,b) . This oversupply of P is costly and further creates challenges to manage P on a whole-farm level (Waldroup, 1999; Knowlton et al., 2004) . Hence, the current study was conducted to more 1,2 Vitamin and mineral premix provided per kg of diet: vitamin A, 11,000 IU; vitamin D 3 , 3,000 IU; vitamin E, 20 IU; vitamin K, 3 mg; vitamin B 12 , 0.02 mg; riboflavin, 6.5 mg; folic acid, 1 mg; calcium pentothenate, 10 mg; niacin, 39.9 mg; biotin, 0.2 mg; thiamine, 2.2 mg; pyridoxine, 4.5 mg; choline, 1000 mg; Endox (antioxidant), 125 mg; Mn (manganese dioxide), 66 mg; Zn (zinc oxide), 70 mg; Fe (ferrous sulfate), 80 mg; Cu (copper sulfate), 10 mg; Se (sodium selenite), 0.3 mg; I (calcium iodate), 0.4 mg; and sodium chloride (salt), 0.67 mg.
3 Biofos, a feed grade monocalcium phosphate, contained 21% P and 18% Ca (Landmark Feeds, Winnipeg, Manitoba, Canada).
accurately define minimal available P needs for laying hens, with the long-term goals of lowering feed costs and minimizing the environmental impact of excessive P output in poultry excreta.
MATERIALS AND METHODS
The experiment was conducted at the University of Manitoba (Winnipeg, Manitoba, Canada) poultry unit. The birds were managed in accordance with recommendations established by the Canadian Council on Animal Care (CCAC, 2009) following an animal care protocol approved from the University of Manitoba's Animal Care Protocol Management and Review Committee.
Birds and Housing
A total of 56 19-week-old Lohmann LSL-classic white laying hens, procured from a commercial supplier (Westroc Hutterite Colony, Westbourne, Manitoba, Canada), was used in the study. Hens were allowed an adaptation period of 3 wk before accessing their respective experimental diets. All birds were housed individually in metabolic cages, and the cage dimensions were 38.1 cm wide × 50.8 cm deep, providing 1935 cm 2 space per bird, complete with perch. The birds were kept in confinement housing under semi-controlled environmental conditions and were exposed to a 16-hour photoperiod. Feed and water were available for ad libitum consumption.
Diet
Seven corn-soybean meal-oat based diets were formulated to meet or exceed the nutrient specifications for Lohmann hens consuming 100 g/hen/d feed, as indicated in strains' layer management guide for cage housing. Information on the diet formulations and treatment regimens are presented in Table 1 . The diets consisted of 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, or 
Experimental Approach
After the 3-week adaptation period, 56 hens (at 22 wk of age) were randomly assigned to one of 7 dietary treatments for 12 wk (at 34 wk of age). Each hen was considered as the experimental unit, and there were 8 hens or replicates (one hen/replicate) per dietary treatment. Body weights (BW) and feed consumption of all the individual birds were measured weekly, and average daily feed intake (ADFI) was calculated for each wk; egg production and weight were recorded on a daily basis. Feed conversion ratio (FCR) was calculated as grams of feed consumed per gram of egg produced. Records of these performance parameters were summarized on an every 6-week basis.
Two digestion studies were conducted during wk 6 and 12 of the experiment for the determination of Ca and P balance. Total excreta from all the birds were collected quantitatively for 3 consecutive d of the 6-and 12-week study periods and stored at −20
• C before being freeze-dried for further analysis. Feed consumption was recorded individually during each digestion study. At wk 6 and 12 of the experiment, a blood sample was taken from the wing vein of all birds using heparin-treated syringes, then immediately transferred into heparinized tubes, and plasma was obtained by centrifugation at 2,500 × g at 4
• C for 10 min and stored at -80
• C until analysis. Eggs were collected for a period of 3 consecutive d from all the hens during wk 6 and 12 of the experiment, and stored at 4
• C for the measurements of egg quality and weights of egg white, egg yolk, and eggshell. For each hen, the average value of the measurements on 3-day collection was calculated and used for the statistical analysis. At the end of the 12-week period of the study, all the hens were sacrificed by CO 2 asphyxiation, and the left tibias were collected, placed in individual plastic bags, and stored at -20
• C until further analysis. Right kidney, duodenum, and jejunum samples were excised and stored in RNALater R solution accordingly to the manufacturer's procedure, for later gene expression analysis.
Plasma Analysis
Ca, P, alkaline phosphatase (ALKP), and other biochemical constituents including sodium, potassium, chloride, glucose, cholesterol, total protein, albumin, globulin, uric acid, aspartate transaminase (AST), and creatine kinase (CK) were determined on all plasma samples collected at wk 6 and 12, using an automated analyzer (Cell-Dyn 3500 System, Abbott Laboratories, Abbott Park, IL) at the Manitoba Veterinary Services Laboratory (Winnipeg, Manitoba, Canada). The concentrations of parathyroid hormone (PTH) (the sensitivity was 0.5 pg/mL; intra-assay CV < 10%) in the plasma samples collected at wk 12 were determined using a chicken PTH ELISA kit (Abbexa Ltd., Cambridge Science Park, Cambridge, UK).
Nutrient Balance
Ca and P balances (retention) were calculated by subtracting the amount of each nutrient excreted in the manure from the amount of the corresponding nutrient consumed. Additionally, the percentages of Ca and P retention relative to intake were calculated. All the calculations were based on a dry matter basis. Samples were oven-dried at 104
• C for 12 h for dry matter determination.
Egg Quality Measurements
The egg yolk was separated using an egg yolk separator and then weighed. Eggshell weight and thickness, egg specific gravity, and Haugh unit scores (an index of albumen quality) were determined as previously described (Neijat et al., 2014) . Percentage eggshell was determined by dividing the dried shell weight over egg weight. The average value of the measurements on 3-day collection was used for the statistical analysis. The separated egg yolk, egg white, and eggshell samples were stored at -20
• C for further analysis. Egg yolk and egg white samples were freeze-dried before analysis.
Bone Quality Analysis
Frozen left tibias were thawed by leaving them in plastic bags at room temperature for 1.5 hours. In order to obtain similar thawing times, bones were removed from the freezer at intervals and in small groups, depending on how fast the testing was going. Tibias were then defleshed, and cartilaginous caps were removed before analysis. Bone mineral density (BMD) and bone area were determined using peripheral dual-energy xray absorptiometry (Norland Stratec, Norland, VA), which were then multiplied to calculate bone mineral content (BMC) (Onyango et al., 2003; Jendral et al., 2008) . All the tibias were placed at the center of the scan area in the same direction, to minimize variations between measurements.
After testing, tibias were placed in a Sohxlet extractor and circulated with hexane at 70
• C for 2 d to remove any traces of fat. After extraction, bones were allowed to dry at room temperature for 24 h under the hood, and then the weights of the bones were recorded. The defatted bones were used for ashing and mineral analysis as described below.
Ca and P Analysis
Feed, dried excreta, egg yolk, egg white, and eggshell samples were ground to pass through a 1-mm sieve screen and thoroughly mixed before analysis. Samples of egg yolk, egg white, and eggshell collected for 3 consecutive d of wk 6 or wk 12 of the study were pooled to one sample per hen. Ca and total P were analyzed by inductively coupled plasma mass spectrometry (Varian Inc., Palo Alto, CA) after samples were ashed for 12 h in a muffle furnace at 600
• C and digested according to the procedures described by method 942.05 of AOAC (1990) with slight modifications. Considering the frothy nature of egg white samples, the furnace temperature was gradually increased as the following programming: 200
• C for 1 h before being raised to 300
• C for 1 h and then to 600
• C for 12 hours. The whole defatted tibia was ashed at 600
• C for 18 h and then digested. Phytate P of feed and excreta was analyzed according to the methods of Haug and Lantzsch (1983) with slight modifications. Available P content was calculated by subtracting phytate P from total P.
RNA Extraction and Quantitative Real-time PCR
Total RNA was extracted from the tissues (duodenum, jejunum, and kidney) with the RNeasy Mini kit (QIAGEN Canada Inc., Mississauga, ON, Canada) and treated with DNase set kit (QIAGEN Canada Inc., Mississauga, ON, Canada) to eliminate the possibility of genomic DNA contamination. Reverse transcription was conducted according to the instructions of Superscript R VILO TM cDNA synthesis kit (Invitrogen Canada Inc., Burlington, ON, Canada). The generated cDNAs were used as templates in the following quantitative real-time PCR (qRT-PCR) analysis. The expression of the target genes was normalized to β-actin (gene name ActB). The PCR primers were designed using Primer Premier 5 software. For type II sodium/phosphate cotransporter isoform a (NaPiIIa), the forward primer was 5 −AGGTGCCTCTGA TGTTTGGC−3 , and the reverse primer was 5 −GG CGTTGTCCTTGAAGATGTC−3 . For type II sodium/phosphate cotransporter isoform b (NaPiIIb), the forward primer was 5 −ATGTCACAATT CCACCTTCAGAG−3 , and the reverse primer was 5 −AGAAGTATGAGACCGATGGCAA−3 . F or ActB, the forward and reverse primers were 5 −CAA CACAGTGCTGTCTGGTGGTA−3 and 5 −ATCG TACTCCTGCTTGCTGATCC−3 , respectively. The length of the PCR product for NaPi-IIa, NaPi-IIb, and ActB was 116, 169, and 205 bp, respectively. The NCBI BLASTN search was performed to ensure the specificity of the primers. The thermal cycling conditions were described previously by Jing et al. (2013) , except that combined annealing/extension was carried out at 62
• C for 30 seconds. Samples were run in duplicate, and relative mRNA expression levels were calculated by using the comparative Ct method (ΔΔCt) (Livak and Schmittgen, 2001) , and ActB was used for normalization of target gene expression. The expression levels of ActB among the different dietary treatments remained constant through the analysis of its ΔCt values in different samples (data not shown).
Statistical Analysis
All data were analyzed as a completely randomized design with the individual hen as the experimental unit. Apart from plasma PTH, bone, and gene expression data, all other data were analyzed based on repeated measures ANOVA, using the PROC MIXED procedure of SAS, with an adjustment for a random effect of hen within treatment. Feed intake of wk 6 and 12 of the study was used as a covariate in the analysis of plasma biochemistry. Final BW was used as a covariate in the analysis of bone data. The data for plasma PTH, bone measurements, and gene expression were analyzed using the PROC GLM procedure of SAS (SAS Institute Inc., Cary, NC). In all analyses, least squares means were compared by Tukey's procedure after ANOVA, and the level of statistical significance was set at P < 0.05. Orthogonal polynomial contrasts were performed to further test trends (linear and quadratic) in response to dietary treatment, if the P-value of the overall F-test was significant. Data values with studentized residuals exceeding ± 3 were considered outliers and excluded from the analysis. Data for total P deposition in egg yolk, eggshell, and whole egg, which were identified as non-homogeneous, were subjected to log transformation before analysis, but the least squares means and SEM are presented for the non-transformed data.
RESULTS

Hen Performance
The hen performance data are presented in Table 2 . There was no significant (P > 0.05) diet × age interaction on the overall performance of the birds. The main effect data indicated that ADFI, BW, FCR, egg production, and egg weight were not influenced by changing dietary available P levels (P > 0.05). With the increasing age of the bird, egg weight increased and ADFI decreased correspondingly, leading to reduced FCR (P < 0.001).
Ca and P balance
Ca and total P balance is shown in Table 3a . Ca intake was different (P < 0.01) among treatments, consistent with analyzed dietary Ca; Ca excretion was not affected by dietary P (P > 0.05), which correspondingly resulted in the variations in Ca net retention (P < 0.001). However, no linear or quadratic trend among treatments was found for Ca intake or net retention (P > 0.05) ( Table 8 ). Ca retention rate (of intake) and the retained amount in eggs were not significantly different among the treatments (P > 0.05). With the reducing levels of dietary P, total P intake, excretion, and retention generally reduced (P < 0.01), but its retention rate and deposition in eggs remained unchanged (P > 0.05). Furthermore, orthogonal polynomial contrasts showed a significant linear trend (P < 0.001) for the effect of dietary AP levels on the total P intake, excretion, and retention (Table 8) . Overall, Ca and total P flow responded similarly to the age of bird: 1) their intake and retention were higher and excretion was lower at wk 12 compared with wk 6; and 2) their deposition in egg yolk and egg white increased as the bird aged (P < 0.001). There was no significant diet × age interaction on the nutrient flow (P > 0.05).
Additionally, intake of phytate P was different among treatments (P < 0.01), but no significant differences were found for excretion or retention (net amount or percent) of phytate P (P > 0.05) (Table 3b) . No linear or quadratic trend among treatments was found for phytate P intake (P > 0.05) ( Table 8 ). The differences in phytate P intake were due to a combination of relatively slight variations in dietary analyzed phytate P shown in Table 1 and feed intake obtained from the 3-day total collection study. The average daily feed intake per hen was 92. 8, 102.8, 89.7, 104.8, 89.3, 99.3, and 93 .2 g for the treatment of 0.15, 0.20, 0.25, 0.30, 035, 0.40, and 0.45% AP, respectively (P < 0.05), but no linear or quadratic trend was found for the dietary effect (P > 0.05) (data not shown). The retention of phytate P was negligible compared to its intake, indicating that the phytate P utilization was minimal in these laying hens.
Plasma Components
Plasma P concentrations were generally reduced with reductions in dietary P levels (P < 0.01), with concentrations being 27.1% lower in hens on the 0.15% P (the lowest level) compared with hens on the control 0.45% P (the highest level) (Table 4 ). Trend analysis further showed a linear effect (P < 0.001) of dietary P levels on plasma P concentrations (Table 8) . No significant differences were observed in plasma Ca among treatments (P > 0.05). The concentrations of plasma PTH were not significantly different among treatments (P > 0.05; Table 4 ). ALKP and other plasma biochemical constituents remained unchanged (P > 0.05) among dietary treatments. Additionally, the concentrations of Ca, ALKP, chloride, cholesterol, total protein, and globulin in plasma were higher at wk 12 than wk 6 (P < 0.05). The interaction effect between diet and age on those biochemical components was not significant (P > 0.05) ( Table 4) .
Egg Quality and Egg Component Weights
Egg measurements are shown in Table 5 . Alterations in dietary P levels did not affect the weight of egg white, egg yolk, or eggshell, percentage egg shell or Haugh units (P > 0.05). Specific gravity tended to increase in response to lowering dietary P, and the value in the 0.30% P diet was higher than that in the 0.35% P diet (P < 0.05). An overall elevation in eggshell thickness was observed with reducing levels of dietary P (P < 0.05). Moreover, a linear trend (P < 0.05) was found for the effect of dietary P on the specific gravity and eggshell thickness (Table 8) . With the increasing age of the bird, weights of egg yolk and egg white increased, while percentage eggshell, egg specific gravity, and Haugh units decreased (P < 0.01). The interaction between diet and age was not significant (P > 0.05).
Bone Measurements
Changing dietary P levels had no impact on tibia bone measurements in laying hens, including BMD, BMC, tibia weight, tibia ash, and tibia Ca as well as P contents (P > 0.05) ( Table 6 ).
mRNA Expression of the Transporters in the Intestine and Kidney
There were no significant differences (P > 0.05) in the mRNA abundance of NaPi-IIa or NaPi-IIb genes in the intestine and kidney, when the laying hens were fed diets with different levels of P (Table 7) .
DISCUSSION
The AP requirement of laying hens has been reduced from 350 mg/hen per d (NRC, 1984) to 250 mg/hen per d (NRC, 1994) . Actually, the results of many experiments indicate that the AP requirement of laying hens may be even lower than the NRC (1994) estimates (Gordon and Roland, 1997; Van der Klis et al., 1997; Boling et al., 2000) . Aside from the increased cost of feed as a result of dietary P over-formulation, growing Table 3a . Calcium and total P flow in laying hens fed diets with different levels of P 0.774 0.15%, 0.20%, 0.25%, 0.30%, 0.35%, 0.40%, and 0.45% denote the levels of available P in the 7 diets, respectively. Retention = Intake-Excretion.
a-e
Means within a row lacking a common superscript differ (P < 0.05).
1 Data are presented as least squares means and their SEM (n = 7∼8 hens per treatment). public concern over the environmental and economic effects of pollution from animal production warrants investigations into the redefinition of P requirements. The present study was conducted to carefully evaluate the AP requirement of laying hens from a physiological, biochemical, and genetic perspective. In the current study, the overall growth and production performance of hens fed the 0.15% AP diet (the lower end) was not significantly different from those of hens fed the 0.45% AP diet (the higher end; control). The concentrations of plasma electrolytes, proteins, enzymes, and other constituents remained unchanged among treatments. These data indicated that the lowest AP used was adequate to achieve health and performance indices within the hens. Parsons (1999) reported that production of hens fed a diet with 0.15% AP was comparable to the control group (0.45% AP). Other studies also have shown that laying hen performance can be satisfactorily maintained by using diets with AP levels lower than the NRC (1994) suggested requirement (Van der Klis et al., 1996; Keshavarz, 1998a,b) . In the present study, average AP intake of the hens fed 0.15% AP was 168 mg/hen/d during the 12-week experiment, whereas the corresponding value for the hens fed 0.45% AP was 491 mg/hen/day. This information indicates that the 250 mg/hen/d AP for laying hens recommended by NRC (1994) is likely overestimated and that a potential exists for redefining this requirement. A potential limitation of the current research relates to the use of individually housed hens as the replicate unit. As the study was designed to generate phosphorus balance data as the primary endpoint-thus, the use of 8 replicates (single hen) per treatment-the data for production variables should be viewed in this context. Larger studies including more hens per replicate and under different housing conditions are necessary to provide additional evidence as to the impact of reducing the minimal dietary AP levels on hen production performance.
Reports on the effect of reducing dietary P on eggshell quality are inconsistent. Many studies demonstrated a beneficial effect (Härtel, 1990; Usayran and Balnave, 1995; Keshavarz, 2000a; Sohail and Roland, 2002) . The data from the current study also showed that eggshell thickness and specific gravity were generally higher in hens fed low P diets. The increase in eggshell thickness or specific gravity on the low P diet might be due to increased absorption and retention of dietary calcium, but this suggestion could not be confirmed experimentally based on the data shown in Table 3a . Similarly, Taylor (1965) reported that lowering dietary P increased eggshell thickness, but an elevation in the retention of Ca was not shown in 2 balance periods of 6 d each, owing to the great variations in Ca retention observed both between and within birds. However, other investigators did not observe a beneficial effect on eggshell quality due to reducing the P content of the diet (Keshavarz, 1986; Keshavarz and Nakajima, 1993) . The inconsistency may be related to variations in dietary P contents and duration of the experiment. The data from the current study showed that egg specific gravity was significantly lower at wk 12 than wk 6, but no interaction between diet and age was found. Others also reported that egg specific gravity decreased over the feeding period (Gordon and Roland, 1997) . Hence, further studies are warranted to examine the effects of reducing dietary P on egg quality over a wide range of frequencies and times.
The great majority of P in the body is found as phosphate, and phosphate homeostasis is regulated by the complex networks involving integration of the function of several tissues, including intestines, kidneys, and bones (Murer et al., 2000; Wagner, 2007) . Several hormones, such as PTH, 1,25-dihydroxyvitamin D (1,25(OH) 2 D 3 ), and fibroblast growth factor 23 (FGF23), regulate circulating P by modulating intestinal P absorption, renal P reabsorption, and/or bone metabolism (Fukumoto, 2014) . For egg layers, approximately 80 to 90% of P is present in the bones and eggs, and the remainder is present within cells. Plasma or serum contains only a small fraction of total body P, so changes in plasma P levels do not necessarily reflect the body's total storage of P (Wagner, 2007) . In the current study, the concentrations of plasma P were generally reduced in birds on low P diets. However, plasma Ca and several tibia bone measurements, including BMD, BMC, tibia weight and ash, and tibia P as well as tibia Ca, were not significantly different among birds under different treatments, indicating that bone structure and the body's total storage of P were not affected by reducing dietary P despite decreased plasma P level. The lack of a difference in these bone characteristics was in line with unchanged Ca and P retention percent among the birds in the balance study mentioned later. Sohail and Means within a row lacking a common superscript differ (P < 0.05).
1 Data are presented as least squares means and their SEM (n = 8 hens per treatment).
2 PTH was analyzed from plasma collected at wk 12 (n = 4 hens per treatment). Table 5 . Egg measurements of laying hens fed diets with different levels of P Roland (2002) reported that there were no significant differences in BMC or BMD of hens fed diets ranging from low to high nonphytate P (NPP) levels. Keshavarz (2000a) also reported that dietary NPP did not affect tibia weight or tibia ash of laying hens at 42 weeks. The unchanged bone measurements and plasma Ca was in accordance with the results of circulating concentrations of other biomarkers for P status. PTH, secreted from cells of the parathyroid glands, regulates Ca and P homeostasis by acting directly or indirectly on the intestine, bone, and kidneys (Raina et al., 2012) . PTH stimulates intestinal phosphate absorption and decreases the efficiency of renal phosphate reabsorption (Berndt and Knox, 1992) . ALKP, produced primarily in the liver and bone, is one of biochemical markers of bone turnover (Khoshniat et al., 2011) . The current data showed that plasma PTH concentrations and ALKP activity remained unaffected by reducing dietary P. Taken together, these data indicated that the minimal AP (0.15%) used for layer diets was adequate to maintain good bone mineralization and turnover during the experimental period. In addition to the above physiological and biochemical measurements of P status, the mRNA expression of the P transporters also was examined. The type II sodium/phosphate co-transporter (NaPi-II) is involved in regulating epithelial phosphate transport, which is further subdivided into type IIa (NaPi-IIa) and type IIb (NaPi-IIb) isoforms. NaPi-IIa is mostly found in the kidneys, whereas NaPi-IIb is primarily expressed in the brush-border membranes of the small intestine (Hilfiker et al., 1998; Werner and Kinne, 2001; Raina et al., 2012) . Studies have shown that these transporters are regulated by dietary P levels and hormones such as PTH (Katsumata et al., 2004; Saddoris et al., 2010; Murray et al., 2013) . PTH plays an important role in transcriptional regulation of NaPi-IIa and NaPi-IIb via complex pathways involving 1,25(OH) 2 D 3 and FGF23 (Raina et al., 2012) . The effects of dietary P on the expression of the P transporters are inconsistent. It was shown previously that NaPi-IIb mRNA expression in the small intestine was induced when broiler chicks were fed a low P (0.25% NPP) and low Ca (0.6%) diet from hatch to 4 d of age compared with a control diet consisting of 0.55% NPP and 1.2% Ca (Yan et al., 2007) . Katsumata et al. (2004) reported a decrease in the NaPi-IIa mRNA levels in the kidney of rats fed a high P diet accompanied with a decrease in serum Ca level, whereas no differences were observed in the mRNA expression of renal NaPi-IIa in pigs fed the phosphorusdeficient diet under which plasma Ca was not affected (Alexander et al., 2008) . It may therefore be presumed that Ca status plays a role in the PTH-mediated transcriptional regulation of the P transporters, given that PTH is released in response to low blood Ca levels by targeting the skeleton, the kidneys, and the intestine (Brown and MacLeod, 2001 ). Thus, with the unchanged circulating concentrations of PTH and Ca found in the present study, it was not surprising that we did not observe significant changes in the expression of either renal NaPi-IIa or intestinal NaPi-IIb mRNA when reducing dietary P level. Nonetheless, a recent study by Saddoris et al. (2010) showed that P uptake in the intestine was post-transcriptionally regulated in pigs on a low P diet and was independent of dietary Ca concentration. It also was suggested that the parathyroid gland is capable of sensing P in the absence of changes of blood Ca (Khoshniat et al., 2011) . More studies are still needed to examine the role of Ca in the maintenance of phosphate homeostasis.
Digestion studies are commonly performed to help determine the optimal requirements for nutrients. The Tables 2 through 7 were further considered for trend analysis using orthogonal polynomial contrasts, and P-values are reported in the table.
data from the present study showed that total P excretion was decreased proportionally with reduced total P intake as a result of decreasing the AP content of the diets. However, the retention rate and deposition in eggs of total P or Ca were unchanged among dietary treatments, consistent with aforementioned findings for bone characteristics, which were not influenced by reducing dietary P. Consequently, the data from the current study implied that 0.15% available P in the diets met the P requirements for maintaining egg production of layers, and a further increase in supply of dietary P would merely result in a higher P excretion in the manure, creating challenging environmental problems. Phytate P balance/retention was not different among treatments, and the value was marginal compared to its take, which confirmed that phytate P is poorly utilized by poultry.
In conclusion, the results of the present study showed that reducing layer diet available P (up to 0.15%) did not adversely affect growth or production performance, plasma biochemistry, bone structure or quality, or mRNA expression of the P transporters. Our data indicate that a great potential exists for diminishing environmental implications and reducing feed costs by lowering P levels in diets without compromising health or productive performance of laying hens.
